A direct-current air plasma jet operated underwater presents three stable modes including an intermittently-pulsed discharge, a periodically-pulsed discharge and a continuous discharge with increasing the power voltage. The three discharge modes have different appearances for the plasma plumes. Moreover, gap voltage-current characteristics indicate that the continuous discharge is in a normal glow regime. Spectral lines from reactive species (OH, N 2 , N 2 + , H α , and O) have been revealed in the emission spectrum of the plasma jet operated underwater. Spectral intensities emitted from OH radical and oxygen atom increase with increasing the power voltage or the gas flow rate, indicating that reactive species are abundant. These reactive species cause the degradation of the methylene blue dye in solution. Effects of the experimental parameters such as the power voltage, the gas flow rate and the treatment time are investigated on the degradation efficiency. Results indicate that the degradation efficiency increases with increasing the power voltage, the gas flow rate or the treatment time. Compared with degradation in the intermittently-pulsed mode or the periodically-pulsed one, it is more efficient in the continuous mode, reaching 98% after 21 min treatment.
Introduction
Non-thermal plasmas generated by atmospheric pressure discharge have the ability to generate various reactive species (OH, H 2 O 2 , O, O 3 , etc), UV radiation and shock waves, which can promote complex reactions in liquid or in gas [1] [2] [3] [4] [5] . Therefore, atmospheric pressure discharge has been used in a variety of fields, such as water purification [6, 7] , chemical treatment [8, 9] and sterilization [10, 11] .
Atmospheric pressure discharge can be excited by various voltages, such as pulsed voltage [12, 13] , alternating current voltage in several kHz [14, 15] , radio frequency voltage [16, 17] and direct current (DC) voltage [18, 19] .
Apparently, DC excitation is much simpler compared with its counterparts [20] . Usually, DC discharge at atmospheric pressure operates in either a pulsed mode or a continuous one. For example, a DC pulsed discharge in argon is generated with a needle-to-plate configuration [21] . In a multi-pin-toplate geometry, a DC continuous discharge has been realized in a glow regime to remove trichloroethylene in atmospheric pressure air [22] .
Atmospheric pressure discharge in and in contact with liquid can be directly used to degrade dye in solution through abundant radicals generated by it. A continuous discharge has been realized in an abnormal glow regime, with which acid red in solution is degraded by OH radical oxidation [23] .
It takes about 90 min to degrade 91% of phenol (2.5 mg L −1 ) through O 3 and H 2 O 2 oxidation, and the yield reaches 118 mg kW −1 h −1 in a pulsed discharge above liquid surface [24] . Degradation efficiency of Brilliant Green (30 mg L −1 ) reaches 98% after 10 min treatment, and the yield reaches 475 mg kW −1 h −1 in a continuous discharge in liquid [25] . With air bubbling, a higher yield of about 640 mg kW −1 h −1 is realized for Direct Blue 106 (20 mg L −1 ) degradation in an underwater continuous discharge [26] . Besides the aforementioned single-mode operation, a two-mode DC jet consists of a multi-pin cathode and a multi-cupped-plane anode discharge, which presents a pulsed corona or a continuous glow depending on external voltage and gas flow rate [27] . Compared with the continuous mode, the DC pulsed discharge has a lower gas temperature for dye degradation [20] . The continuous mode takes advantage of a high duty cycle, resulting in more oxidizing species and radicals in unit time. Hence, the continuous mode presents a higher degradation rate [22] .
In this paper, a DC air plasma jet with three discharge modes has been used to degrade methylene blue (MB) dye in solution. Images, waveforms and optical emission spectra are compared for the three discharge modes. Moreover, effects of power voltage, gas flow rate and treatment time are investigated for the three modes on the degradation efficiency of MB dye. Figure 1 presents a schematic diagram of the DC excited plasma jet operated underwater, which is in a needle-to-mesh geometry. A tungsten needle with a diameter of 1 mm is placed coaxially in a quartz tube (8 mm in inner diameter), at one end of which a tungsten mesh is fixed. The distance from the needle tip to the mesh is 10 mm. The plasma jet is vertically immersed in tap water, which is contained in a quartz cylinder (40 mm in inner diameter and 60 mm in height). The water surface is roughly 48 mm above the container bottom. The mesh is separated by a 4 mm gap from the bottom of the quartz cylinder. Air used as the working gas flows along the tube, blows the liquid out of the tube and finally bubbles at the nozzle. Therefore, the generated plasma between the needle and the mesh is directly injected into the liquid. The air flow rate (Q) can be adjusted by a flowmeter. The needle electrode is connected to the high voltage output of a DC power supply (Glassman EK15R40) via a shunt resistor (500 kΩ), and the mesh electrode is grounded. Gap voltage between the two electrodes can be detected by a high voltage probe (Tektronix P6015A). Discharge current can be measured by a current probe (Tektronix TCPA300). Light signal emitted from the discharge is focused by a lens and collected by a photomultiplier tube (ET 9085SB). Waveforms of the gap voltage, the discharge current and the light emission signal are simultaneously recorded by an oscilloscope (Tektronix DPO4104). These parameters are given in RMS values for the experimental test. A digital camera (Canon EOS7D) with a macro lens is used to record discharge images with an exposure time of 1.0 ms. Light emission from the discharge, after being focused into an optical fiber by a lens, is transmitted into the entrance slit of a spectrometer (ACTON SP2750, 1340×400 pixels) equipped with a CCD, whose exposure time is 5 s.
Experimental set-up
To investigate MB degradation, the aforementioned tap water is replaced by 50 mL MB solution with initial concentration of 7 mg L −1 , which is contained in a beaker. The height of MB solution is 38 mm in the beaker and the gap is 4 mm between the mesh and the beaker bottom. Absorbance of MB solution at 664 nm is measured by an UV-vis-NIR spectrophotometer (PerKinElmer, Lambda950), which is employed to test the degradation effect. During the plasma treatment, the temperature of MB solution is maintained almost constant at about 35°C through cooling the beaker by water circulation.
Experimental results and discussion
3.1. Three discharge modes for the DC jet operated underwater Figure 2 presents typical discharge images of the DC air jet operated underwater under different power voltages. With increasing the power voltage above 3.0 kV, a corona discharge is firstly ignited in the vicinity of the needle tip due to ionization processes generated by a high electric field near the anodic tip [28] . The corona discharge is presented as a bright , and the exposure time is 1.0 ms. The dashed line denotes the mesh electrode. spot in figure 2(a). With increasing the power voltage, a blue plasma plume in figure 2(b) extends from the needle tip along the gas flow until the discharge plume bridges the two electrodes and its color turns pink (figure 2(c)). With further increasing the power voltage, the emission intensity increases for the orange discharge. It can be found from figure 2(d) that characteristic regions of glow discharge regime including a negative glow, a Faraday dark space, a positive column, and an anode glow are found. Therefore, the discharge is a glow in the regime. Figure 3 indicates waveforms of the gap voltage, the discharge current and the light emission for the discharges shown in figure 2. It can be found from figure 3(a) that the discharge presents intermittent current pulses (Trichel pulse) and light emission pulses under a constant gap voltage [21] . Peak values of the discharge pulses are averaged about 1.0 mA. Compared with the intermittently-pulsed mode, discharge current in figure 3(b) is periodically pulsed. There is a distortion (voltage decrement) in the gap voltage when the periodically-pulsed discharge appears. Comparing figure 3(b) with figure 3(c), it can be found for the periodically-pulsed mode that the pulse intensity and the discharge frequency increase, and the voltage distortion becomes more severe with increasing the power voltage. Moreover, the maximal voltage (inception voltage as marked in figure 3(c)) decreases with increasing the power voltage until the discharge turns pulseless. As shown in figure 3(d) , the gap voltage and the discharge current are continuous as well as the light emission in the continuous mode.
In the intermittently-pulsed mode and the periodicallypulsed mode, a positive streamer mechanism is involved. After quenching of the streamer, abundant positive ions are left in the front of it, which drift towards and disappear on the mesh cathode. The next discharge pulse does not appear until the electric field is restored to its critical value for breakdown. Consequently, the discharge is pulsed. With increasing the power voltage, an increment in electric field leads to a higher drifting velocity for the accumulated ions, which results in the increasing discharge frequency, as shown in figure 3 . Moreover, the streamer propagates a longer distance under a higher power voltage. Therefore, besides the discharge frequency, the pulse intensity increases with increasing the power voltage, as shown in figures 3(a) and (b) . If the power voltage is high enough, there will be abundant positive ions in the cathode vicinity to form a cathode fall region after the streamer discharge. Therefore, the pulsed discharge transits into the continuous glow discharge. After the transition, only a low electric field is needed to sustain the continuous discharge. Consequently, a weaker light emission is presented in figure 3 (d) because density and temperature of electrons are proportional to the electric field. Figure 4 presents the gap voltage and the power voltage as functions of the discharge current for the continuous discharge. It can be found that the gap voltage decreases with increasing the discharge current, while the power voltage increases. The gap voltage-current characteristic curve has a negative slope, which is an indication of a normal glow discharge regime [29] . Consequently, the continuous discharge is in a normal glow regime. [30, 31] . Optical emission spectra are similar for the three discharge modes except their intensities. As it is well known that the intensity ratio of 391.4 nm to 337.1 nm is proportional to the electric field [32] . From figure 5 , the intensity ratio is calculated to be 0.105, 0.143, and 0.098 in the intermittently-pulsed mode, the periodically-pulsed mode and the continuous mode, respectively.
Obviously, compared with the continuous discharge, the higher intensity ratio of the pulsed discharge results from an enhanced electric field of the streamer discharge regime. Moreover, the CCD integration time is 5 s, during which many discharges are temporally superposed to obtain a spectrum. Therefore, the lower line intensity in figure 5 for the intermittently-pulsed mode than the periodically-pulsed mode originates from the lower emission intensity and the lower duty cycle in figure 3 . The higher line intensity for the continuous mode can also be attributed to the lower duty cycle of the pulsed discharge. The spectral lines of O I and OH radical mean that abundant reactive oxygen species (ROS) exist, which are important for chemical treatment. Oxygen atom can be formed mainly by direct impact with electron ( -e ) (1, 2), and is lost in reactions with O 2 forming O 3 (3). Hydrogen atom and OH radical come from the dissociation of water molecules (4-7) [33] . Moreover, OH radical can recombine and form H 2 O 2 (8), and O 3 can be decomposed in water reactions (9, 10). Figure 6 presents the emission intensities of OH radical and oxygen atom as functions of the power voltage with different gas flow rates. Apparently, the emission intensities of OH radical and oxygen atom increase with increasing the power voltage. Moreover, they increase with increasing the gas flow rate. It means that more ROS are produced in the continuous mode than the intermittently-pulsed mode or the periodically-pulsed mode.
Investigation on MB degradation efficiency
MB solution is used for evaluating the chemical reactivity caused by the plasma. During the discharge process, highenergy electrons and excited state molecules in plasma can dissociate water molecule to produce ROS. ROS, especially OH radical, can attack N-CH 3 bonds and heteropolyaromatic links (C-S and C-N bonds) leading to intermediate products (carboxylic groups, sulfonated product, and thiophene) and total mineralization of MB in solution [9, 33] . Consequently, MB molecules can be degenerated to CO 2 , and NO 3 − after treatment. MB solution absorbance is measured to present the amount of organic compounds in MB solution. Figure 9(a) shows MB absorbance as a function of the power voltage with different gas flow rates. It can be found that the absorbance of MB solution decreases with increasing the power voltage or the gas flow rate. It is lower in the continuous mode than that in the intermittently-pulsed mode or the periodically-pulsed mode. The degradation efficiency (D%) of MB solution is calculated by MB absorbance A 0 and A t at time 0 and t, respectively [23] . Figure 9(b) indicates that the degradation efficiency of MB solution increases with increasing the power voltage or the gas flow rate. Obviously, compared with less than 20% in the intermittently-pulsed mode or the periodically-pulsed one, it is much higher in the continuous mode. More plasma and ROS are generated with increasing the power voltage due to enhanced ionization and increment of the electron density, which results in an increasing degradation efficiency with increasing the power voltage. Moreover, the OH radical and oxygen atom have a short half-life of sever microseconds as pointed out by [24] . However, their derivatives (H 2 O 2 and O 3 ) have a longer survival time of several hours [35, 36] . Moreover, OH radical can also be produced in solution by N 2 (A) metastable blown into water, which has a lifetime of several seconds [37] or through reaction of O 3 with water [8] .
As mentioned above, these long-life ROS go into solution more quickly with increasing the gas flow rate, which attributes to the increasing degradation efficiency with the gas flow rate. h −1 in an underwater self-pulsing DC discharge [26] . Consequently, our results agree with Malik et al that the pulsed discharge has a higher yield compared with the continuous mode for dye degradation [40] . Moreover, for 50 ml MB solution with initial concentration of 50 mg L −1 , a degradation efficiency of about 97% after 30 min treatment is reported by Magureanu et al with O 2 bubbling in a corona array discharge excited by a nanosecond pulsed voltage [41] . However, the degradation efficiency is only 16% after 30 min treatment with air bubbling [41] . Without gas bubbling, it takes 210 min to reach a degradation efficiency of 82% for 20 mL MB solution with initial concentration of about 13 mg L −1 by direct liquid phase pulsed discharge [42] . Therefore, our DC air plasma jet in the continuous mode is an effective tool for treatment of wastewater such as MB solution.
Conclusion
Underwater operation of an air plasma jet excited by a DC voltage is investigated for degradation of MB dye. The discharge phenomenon with increasing the power voltage is evolving in three stable discharge modes including an intermittently-pulsed corona discharge, a periodically-pulsed plume discharge and a continuous glow discharge. Optical emission spectroscopy is used to detect ROS generated by the plasma jet, such as OH radical and oxygen atom. The result shows that their emission intensities increase with increasing the power voltage or the gas flow rate. During MB degradation, the blue solution gradually turns colorless. The absorbance of MB solution decreases with increasing the power voltage, the gas flow rate or the treatment time, which is measured by the UVvis-NIR spectrophotometer. Absorbance is used to characterize MB degradation efficiency. It is found that the degradation efficiency of MB solution increases with increasing the power voltage, the gas flow rate or the treatment time. MB degradation is more efficient in the continuous mode than its counterparts, reaching 98% after 21 min treatment.
